The effect of localized heating on the evaporation of pure sessile water drops was probed experimentally by a combination of infrared thermography and optical imaging. In particular, we studied the effect of three different heating powers and two different locations, directly below the center and edge of the drop. In all cases, four distinct stages were identified according to the emerging thermal patterns. In particular, depending on heating location, recirculating vortices emerge which either remain pinned or move azimuthally within the drop. Eventually, these vortices oscillate in different modes depending on heating location. Infrared data allowed extraction of temperature distribution on each drop surface. In turn, the flow velocity in each case was calculated and was found to be higher for edge heating, due to the one-directional nature of the heating. Additionally, calculation of the dimensionless Marangoni and Rayleigh numbers yielded the prevalence of Marangoni convection. Heating the water drops also affected the evaporation kinetics by promoting the "stick-slip" regime. Moreover, both the total number of depinning events and the pinning strength was found to be highly dependent on heating location. Lastly, we report a higher than predicted relationship between evaporation rate and heating temperature, due to the added influence of the recirculating flows on temperature distribution and hence evaporation flux.
Introduction
The evaporation of sessile, liquid drops has attracted considerable scientific attention due to its importance in a wide range of biological and technological applications. Inkjet printing, 1, 2 DNA mapping, 3, 4, 5 biomedical diagnosis, 6, 7, 8 and surface patterning 9, 10, 11 are but a few of the areas which may benefit from advancing the understanding of the process. However, the interplay among fluid dynamics, heat and mass transfer and liquid-surface interactions complicates the complete comprehension of drop drying.
A sessile drop evaporating freely on a hydrophilic surface (water contact angle <90 o ) will exhibit a higher evaporation rate at the three-phase contact line (TL), 12, 13, 14 which induces an outward fluid flow to replenish the evaporated fluid. In the presence of particles, this outward flow carries particles from the bulk drop to the TL where they deposit and form a "coffee-stain" deposit. 15, 16 At the same time, a temperature gradient is formed on the surface of the drop due to either evaporative cooling 17, 18 or heat conduction via the substrate 13, 19 This temperature gradient, in turn, may induce temperature dependent recirculating flows such as buoyancy driven Rayleigh 20, 21, 22 or surface tension driven Marangoni. 14, 23, 24 Visualization of these convective flows has been reported mainly for volatile liquids such as alcohols and refrigerants induced by high temperature gradients and possibly due to the fact that they tend to attract small amount of contaminants in comparison with water. For example, recirculating vortices in hanging methanol drops were attributed to Rayleigh convection. 25 Elsewhere, alcohol and refrigerant drops were shown to exhibit a number of thermal/liquid waves moving in the azimuthal direction, which were coined hydrothermal waves (HTWs). 26, 27, 28 HTWs were attributed to Marangoni stresses. Numerous theoretical works were conducted in order to shed light on the underpinning physics of the internal flows in volatile drops and are now considered well understood. 29, 30, 31, 32 On the contrary, the internal flows emerging in a drying water drop have received rather limited attention.
Marangoni flows, in particular, remain a controversial issue. In fact, theoretical approximations predict strong Marangoni flows in water drops, 13, 32, 33 which have not been corroborated experimentally due to water being prone to contaminants. 15, 34 The contaminants should interfere with the surface tension gradients, responsible for Marangoni recirculation, and lead to a uniform thermal distribution on water drop surface, as reported with infrared thermography measurements. 26, 27 In a previous work, we reported the first experimental induction and visualization of Marangoni flows in pure water drops with localized heating directly below the center. 35 The contact angle of the drops was ca. 104 o which is predicted to lead to a homogenous evaporative flux and hence a uniform temperature distribution across the drop surface. 36 Therefore, localized heating was capable of generating sufficient thermal gradient and in turn surface tension gradient to overcome the negating effect of the contaminants. At the same time, the temperature gradient interferes with the evaporative cooling of the drop, the main mode of heat transfer in drying drops, 18, 37 resulting in the induction of Marangoni flows in an attempt to homogenize the temperature distribution in the drop. However, this contribution was limited in demonstrating the existence of Marangoni flows in pure water drops.
In the present work, we attempt a systematic analysis of the effect of local heating on a drying drop of pure water. In particular, we investigate how heating the edge and the center of the drop at three different heating powers interferes with the predicted homogenous temperature distribution across the surface 36 and in turn influences the emerging Marangoni flows. The flow pattern evolution and Marangoni flow velocity was found to be dependent mainly on heating location and to a lesser extent on heating power. Furthermore, we provide a comprehensive comparison of the evaporation and TL kinetics where local heating leads to "stick-slip" evaporation. Unexpectedly, heating location was found to determine the number of TL depinning events with more events occurring as the edge heating power increased and fewer events as the center heating power increased. Quantification of the pinning barrier allowed us to deduce that edge heating imposed a higher temperature which lowered the surface tension and hence led to lower pinning barrier. The evaporation kinetics was also found to be highly affected by localized heating, with evaporation rate exhibiting a dependence on temperature in the form of a power cube relation, compared to the 3/2 exponent of the diffusion model. 
Experimental Section

Results and discussion
First, we focus our attention on how local heating of the substrate directly below the center and at the edge of a pure water drop using three different levels of laser power affected the internal flows. Water is opaque in the spectral range of our camera, hence the IR camera is capable of capturing the spatiotemporal evolution of the thermal distribution on the drop surface. We present and discuss only the first moments of the evaporation, when the droplet is pinned. All thermal patterns exhibit the same behavior throughout the rest of the process. In all cases, laser irradiation is initiated at 0.0 s and heating power increases from top to bottom rows.
Using this information, we attempt, here, to determine the origin of the above flows. Garnier et al., has established the criterion of the ratio of the dimensionless Marangoni (thermocapillary-driven) over Rayleigh (buoyancy-driven) numbers = / for a liquid disk, 41 which was later adopted for drops by Sefiane et al. 26 Rayleigh number is given as = 4 Δ ⁄ and Marangoni as = 2 Δ ⁄ , where and are characteristic radial and vertical length, respectively, is the thermal expansion coefficient, is the surface tension, is the density, the kinematic viscosity and the thermal diffusivity. The average values of , and are presented in Table 1 Table 1 : Effect of heating location and power on ∆ , , , and .
As the Marangoni flows are an attempt to homogenize the heat and/or temperature within the drop, then the strength of the vortices should be a function of the heating power. Focusing our attention on Stage 3
in Figure 2 , we may stipulate that the recirculating flow velocity is dependent on the imposed heating. To quantify this relationship we calculated the recirculating flow velocity, , which scales with the temperature gradient Δ = − , as = (1/32)( 2 Δ / ), 13, 38 where the surface tension gradient with respect to temperature is given by = ⁄ (in the present case = −1.68 × 10 −4 / • ), 39 denotes the contact angle and the dynamic viscosity (in the present case = 1.0 × 10 −3 ( • )/ 2 ). 39 The ∆ values used are given in Table 1 and were extracted from IR data and θ values from the CCD data. Results are plotted in Figure 3 (a) as a function of and were found to be in line with the literature. 39 The effect of heating location on is readily here and found to be stronger for edge heating, where it induces stronger temperature gradient, Δ , across the drop surface. To further highlight this effect we plotted as a function of ∆ in Figure 3 (b). Δ and its effect on the thermal patterns is discussed in depth in the following section. The results shown in the top row of Figure 5 provide only a side-view of the TL motion events. To alleviate this deficiency, we provide in Figure 6 a schematic illustration of the TL location during each pinning event as acquired from the top view of the IR camera. From this simple illustration we may extract further information about the effect of, mainly, heating location on the TL motion kinetics of each drop. In more detail, at low heating power both center and edge heating exhibit a negligible effect on TL motion.
Increasing the power results in a noticeable difference. In particular, the TL at the edge heating case exhibits a preferential depinning and moves away from the heating source. In addition, the highest power case in center heating exhibits a similar behavior. This could be attributed to the preferential depinning during stick-slip evaporation, 45 which brings the edge of the droplet near or on top of the hot spot leading to edge heating. This preferential depinning could be surface tension driven. As explained above, a surface tension gradient is generated on the drop surface due to localized heating. In a similar manner, edge heating should result in a, local, lower interfacial tension there compared to the cold side. In turn, this surface tension gradient should allow the TL near the hot source to depin and move away from the hot source. A similar thermocapillary driven motion was reported to occur when a water drop was placed on the hot side of an oil-impregnated surface (contact angle hysteresis, CAH~1 o ). 46 A second potential and complementary depinning mechanism could be the continuous, one-directional Marangoni flow, carrying liquid from the hotter to the colder side. In turn, the amount of liquid on the hot side should deplete faster and lead to more depinning events occurring at that side. Essentially, this heating pattern induces a continuous flow from the hotter side of the drop to the colder.
Hence, the amount of liquid on the hot side should be depleting constantly and eventually result in more depinning events occurring at that side for continuity. Furthermore, edge heating should provide the drop with more energy to depin, leading to more rapid "stick-slip" cycles and lower hysteretic energy barrier pinning each drop.
Let us at this point quantify the effect of localized heating on the excess free energy of the drop, due to the drop being out of equilibrium. Essentially, the shape of a sessile drop at equilibrium should correspond ( 1) where,  is the liquid surface tension measured using the pendant drop technique and found to be ca. The energy requirement for the first depinning event in every drop was calculated using Eq. 1 and results are plotted in Figure 7 (b). The ̅ values vary widely, from ca. 14 × 10 −7 to 3 × 10 −7 N for center and edge heating, respectively. It is readily apparent that edge heating results in smaller pinning barriers, which could be attributed to the fact that the surface tension of water is inversely proportional to temperature. Hence, smaller ̅ should be required for drops to depin at higher temperatures. In addition, ̅ at edge heating is ~50% smaller than center heating, perhaps due to the smaller amount of hot area covered by the drop. In the schematic representation in Figure 1 (c) , the drop covers all of the hot area and most of the heat generated locally should be conducted by the drop. On the other hand, only a small portion of the hot area is covered from the drop in the edge heating case, as represented in Figure 1 (d) . Therefore, the temperature should be higher locally in the edge case, leading to a lower surface tension and, in turn, to lower ̅ . 17.93 ± 1.06 for edge and center heating, respectively. Generally, the average evaporation rate, − ⁄ is given by:
where is the contact radius, is the density of water, is relative humidity and ( ) a complex function of contact angle given for the range of initial contact angles 10 < < 180 and given in detail in Ref. 
CONCLUSIONS
We examined the effect of local heating on the evaporation of a pure water drop, realized via laser irradiation. Our observations include flow visualization via infrared thermography and optical observation for drop shape changes. We report on the formation of Marangoni flows manifesting as twin vortices with a linear relationship between vortex strength and temperature. The effect of heating location was also examined and found to be paramount to the induction and evolution of the Marangoni flows. Edge heating resulted in vortices emerging within the drops at the opposite side of the heating spot and eventually to a periodic increase in the strength of one vortex with a decrease in the other one. On the other hand, center heating led to the formation of twin vortices which tend to travel azimuthally.
Eventually, these vortices will either merge and split or shift from one side of the drop to the other in an oscillatory manner, with increasing frequency with heating power. Furthermore, we probed the effect of heating on the evaporation and triple line motion kinetics of a drop. In all cases, local heating was found to promote "stick-slip" evaporation, with the number of depinning events linked with the heating location.
In particular, the number of jumps was found to be monotonically decreasing and increasing with power for center and edge heating, respectively, due to a significantly lower surface tension locally in the edge heating case. Additionally, quantification of evaporation kinetics unveiled the significance of heating location on the evaporation process. Overall, these findings show the potential to induce and manipulate
Marangoni flows paramount to uniform coating and cooling applications.
